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NIETHOD FOR CURING METAL PARTICLES 
INTO CONTINUOUS CONDUCTORS 

This application is a continuation of application Ser. 
No. 07/853,237, ?led Mar. 18, 1992, now abandoned. 

TECHNICAL FIELD 

This invention relates generally to an apparatus and 
method for curing metal particles into continuous con 
ductors and more particularly to an apparatus and 
method for making printed circuit boards by curing 
metal particles arranged in a printed circuit pattern on a 
dielectric substrate into continuous metal conductors. 

BACKGROUND ART 

Prior art systems for manufacturing printed circuit 
boards employ either a “subtractive” or an “additive” 
process. The starting material in the subtractive process 
is an insulating substrate which has a relatively thick 
layer of copper laminated to one or both of its sides. An 
etch-resistant material or “resist,” typically in ink form, 
is applied by silk-screening or a similar technique over 
each copper layer in a positive image of the desired 
circuit con?guration to be fabricated thereon. 

Alternatively, to yield greater circuit density through 
increased resolution (i.e., narrower trace width) and 
uniform reduced spacing between adjacent traces, pho 
tographic techniques are used in which a photo-sensi 
tive resist (so-called “photo-resist”) is uniformly dis 
posed over each copper layer. An appropriate photo 
graphic transparency is then made in the form of a 
negative of the desired circuit con?guration for each 
side of the board. Each side is exposed through its cor 
responding transparency to intense ultra-violet light. 
Those regions of the photo-resist which were exposed 
to this light polymerize and become etch-resistant, so 
that a positive latent image of the desired circuitry is 
formed in the photo-resist after exposure. 
Once the desired circuit pattern is formed in the re 

sist, regardless of the speci?c technique used, the board 
is immersed in a copper etchant bath which removes all 
the copper not protected by the resist or polymerized 
photo-resist. When the etching is complete, the board is 
removed from the bath and the remaining resist is re 
moved, leaving the laminated copper on each side in the 
form of the desired circuit con?guration. 
There are a number of disadvantages with the sub 

tractive printing processes. First, the boards produced 
by this process have signi?cant material costs because 
they use expensive photochemicals, resists and etchants 
and waste substantial amounts of copper. Second, the 
trace width is limited by “undercutting,” i.e., lateral 
undermining of the traces under the resist. Third, this 
process is highly polluting because the unwanted cop 
per must be chemically etched from the substrate. 
Fourth, this process is time consuming, typically requir 
ing 90 minutes or more to manufacture a printed circuit 
board. Fifth, capital equipment and labor costs associ 
ated with subtractive processes are substantial. 
There are two general types of additive processes, 

“thin ?lm” and “thick ?lm,” both of which start with an 
unclad insulating substrate. In the thin ?lm process an 
activating agent, which promotes adhesion of copper to 
the substrate, is applied over the entire surface thereof. 
A mask is then applied to the substrate and the substrate 
is immersed in an electroless copper plating bath which 
deposits copper onto all the non-masked areas including 
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2 
the walls of the pre-drilled holes. Once plating is com 
pleted, the board is removed from the bath and a protec 
tive coating (e.g., a solder mask) is applied over each 
plated side of the board. 
There are also a number of disadvantages with prior 

art thin ?lm additive processes. First, substantial time is 
required to electrolessly deposit a copper coating of 
suf?cient thickness on the substrate to form conductors. 
Second, once this coating is deposited it adheres ex 
tremely poorly to the substrate, i.e., the plated copper 
traces easily peel off the substrate during subsequent 
manufacture or use of the board. Third, electrolessly 
deposited copper has inferior physical properties com 
pared with electrolytically deposited copper. For exam 
ple, the conductivity of electrolessly deposited conduc 
tors is substantially less than the conductivity of electro 
lytically deposited conductors. 

In the thick ?lm process conductive particles are 
suspended in a hinder or “carrier,” forming a viscous 
“ink.” The ink is then screened onto the substrate in the 
desired pattern and dried, causing the carrier to vapor 
ize. The remaining metal particles are then “?red” or 
sintered at high temperature into conductors. 
One such thick ?lm process is disclosed in U.S. Pat. 

No. 4,278,702. In this process a paste comprising metal 
lic particles suspended in a viscous carrier is applied to 
a substrate using a conventional silk screen process in 
which openings have been formed in the screen in the 
desired circuit pattern. Thereafter, a high frequency 
electromagnetic ?eld is applied to the substrate which 
heats the metal particles to a suf?cient temperature to 
sinter them. This process has a number of disadvan 
tages. First, since the sintered particles are joined only 
in the proximity of their surfaces, the conductors are 
not mechanically strong and may be ruptured easily 
when subjected to modest mechanical stress. Second, 
the sintered conductors have lower conductivity than 
solid metal conductors. Third, sintered conductors are 
more subject to chemical corrosion than solid conduc 
tors. 

Another prior art additive process is disclosed in U.S. 
Pat. No. 5,014,420. In this process metal particles of 
substantially uniform surface area are applied to a sub 
strate either as a powder or ink using electrostatic 
forces. The particles are then fused into solid conduc 
tors using a highly concentrated, high frequency elec 
tromagnetic ?eld which sequentially scans across the 
surface of the substrate. This process also suffers from a 
number of de?ciencies. First, since the force on the 
particles varies as the square of the ?ux density and this 
force tends to drive the particles out of the concentrated 
electromagnetic ?eld, it is di?icult to control the loca 
tion of the resulting conductors on the substrate. Sec 
ond, since the electromagnetic ?eld is scanned across 
the substrate, excessive time is needed to cure the con 
ductors. Third, since particles of substantially uniform 
size are used, there is considerable shrinkage in the 
deposited traces when the particles are melted, which 
could lead to unwanted pattern distortion or breaking 
up of the conductive traces. 

Accordingly, one object of the present invention is to 
provide a new and improved apparatus for and method 
of manufacturing printed circuit boards. 
Another object of the invention is to provide a new 

and improved system for additive printing of printed 
circuit boards. 
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Still another object of the present invention is to 
provide a new and improved apparatus for and method 
of rapidly making printed circuit boards. 
Yet another object of the present invention is to pro 

vide a new and improved apparatus for and method of 
making printed circuit boards with minimal polluting 
byproducts. 

Still another object of the present invention is to 
provide an apparatus and method for curing metallic 
particles deposited on a dielectric substrate into solid 
electrical conductors thereon. 

Still another object of the present invention is to 
provide an apparatus and method for making printed 
circuit boards inexpensively. 

Additional objects, advantages and novel features of 
the invention will be set forth in part in the description 
which follows, and in part will become apparent to 
those skilled in the art upon examination of the follow 
ing or may be learned by practice of the invention. The 
objects and advantages of the invention may be realized 
and obtained by means of the instrumentalities and com 
binations particularly pointed out in the appended 
claims. 

DISCLOSURE OF THE INVENTION 

According to the present invention, the foregoing 
and other objects are attained by providing an appara 
tus for curing metal particles deposited in a predeter 
mined pattern on a nonmetallic substrate into continu 
ous metal conductors arranged in this pattern. The ap 
paratus supplies sufficient electromagnetic energy si 
multaneously to the particles on the substrate to melt at 
least some of them. 

In accordance with another aspect of the invention, 
the foregoing and other objects are attained by provid 
ing an apparatus for making printed circuits on a dielec 
tric substrate on which metal particles having a large 
size distribution are deposited in a predetermined pat 
tern. The apparatus comprises a device for applying 
simultaneously to the particles an amount of electro 
magnetic energy suf?cient to melt at least some of them. 

In accordance with another aspect of the invention, 
the foregoing and other objects are attained by provid 
ing a method of curing metal particles deposited in a 
predetermined pattern on a non-metallic substrate into 
continuous metal traces arranged in this pattern. This 
method comprises applying sufficient electromagnetic 
energy simultaneously to the particles to melt at least 
some of them. 

In accordance with yet another aspect of the inven 
tion, the foregoing objects are attained by providing a 
method of making printed circuit boards on a dielectric 
substrate on which metal particles having a large size 
distribution are deposited in a predetermined pattern. 
The method comprises applying simultaneously to all of 
these particles a suf?cient amount of electromagnetic 
energy to melt at least some of them. 

In accordance with another aspect of the invention, 
the foregoing objects are attained by providing a 
method of and apparatus for sequentially curing metal 
particles into continuous conductors on a plurality of 
dielectric substrates. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram and partial schematic of the 
printed circuit board curing apparatus of the present 
invention. 
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4 
FIG. 2 is a perspective view of one embodiment of a 

coil used in the instant invention for imparting electro 
magnetic energy to the metal particles deposited on a 
substrate. 
FIG. 3 is an alternative embodiment of a coil used in 

the instant invention for imparting electromagnetic 
energy to the metal particles deposited on a substrate. 
FIG. 4 is a third alternative embodiment of a coil 

used for imparting electromagnetic energy to the metal 
particles deposited on a substrate. 
FIG. 5 is a perspective view of the curing unit in 

accordance with the present invention. 
FIG. 6 is a ?ow chart of the operation of the curing 

unit. 
FIG. 7 is an alternative embodiment of the curing 

unit suitable for sequentially curing metal particles into 
continuous conductors on a plurality of substrates. 
FIG. 8(a) is a graph of a bi-modal gaussian/truncated 

gaussian size distribution for metal particles used in the 
present invention. 
FIG. 8 (b) is a graph of a bi-modal gaussian/exponen 

tial size distribution for metal particles used in the pres 
ent invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring to FIG. 1, the curing system 100 of the 
present invention is shown in block diagram and partial 
schematic form. A conventional radio frequency gener 
ator 110 generates a high energy radio frequency signal 
which is transmitted over a standard 50 ohm cable 112. 
In the preferred embodiment generator 110 outputs a 
13.56 MHz signal at a power of between 0.5 to 3.0 kw. 
It should be understood, however, that the frequency 
and power applied by generator 110 may vary accord 
ing to the desired curing speed and the particle size 
distribution. This signal is fed to a conventional impe 
dance matching network 114. Network 114 matches the 
impedance of a curing coil 116, described in greater 
detail below, to the 50 ohm load on cable 112. Typi 
cally, coil 116 has a resistance of between 0.05 to 0.1 
ohms. 
Due to impedance matching substantially all of the 

power generated by RF generator 110 is absorbed in the 
coil resistance so that large currents ?ow through coil 
116 and it generates a correspondingly large amount 
and intensity of electromagnetic ?ux lines which are 
relatively uniform over the cross-sectional area of the 
coil. Coil 116 is positioned in a curing chamber 120, 
described in more detail hereinafter. A substrate 122 
containing the pattern of metallic particles to be cured 
into printed circuit conductors is placed adjacent coil 
116, as shown more clearly in FIG. 5. Several different 
coil con?gurations may be used in the instant invention, 
as described hereinafter. 
Two pneumatic pipes 124 and 126 are connected to 

curing chamber 120 through standard ?ttings, not 
shown. Pipe 124 is connected through a conventional 
pneumatic valve 128 to a vacuum pump 130 which 
evacuates curing chamber 120 prior to activation of 
curing coil 116. In the example described below, vac 
uum pump 130 evacuates 20 cubic feet per minute, so 
that curing chamber 120 is evacuated to 5 microns Hg in 
20-30 seconds using a 3 inch diameter evacuation pipe. 
It should be understood, however, that the evacuation 
time may be reduced by using a larger pump and/or 
larger diameter evacuation pipe. 
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Pipe 126 is connected through a second conventional 
pneumatic valve 132 to a source of pressurized gas 131. 
In the example below standard welding grade nitrogen 
gas is used which pressurizes curing chamber 120 after 
it has been evacuated by pump 130. Alternatively, ar 
gon, helium or another inert gas may be used. Nitrogen 
is preferred, however, because it has a higher break 
down voltage than the inert gasses and does not react 
with copper or copper alloys in traces 138 during the 
short period of time in which coil 116 is energized. A 
conventional pneumatic pressure gauge 134 measures 
the pressure in chamber 120. 

In the preferred embodiment the top surface of cur 
ing chamber 120 is made of an optically transparent 
material, such as acrylic. A conventional infrared tem 
perature measuring probe 136, such as a pyrometer, is 
mounted to the top of curing chamber 120, as shown in 
FIG. 5. It is positioned to detect the wavelength distri 
bution of light emitted by metallic traces 138 on sub 
strate 122 as they heat up after energization of coil 116. 
Alternatively, rather than sensing the temperature of 
the entire deposited pattern, optical sensor 136 can be 
focused on one or more test spots deposited on the 
substrate 122 in areas which do not interfere with traces 
138. 

In the preferred embodiment coil 116 is made of hol 
low copper and water cooled to reduce the heat gener 
ated by the substantial current flow therethrough. As 
shown in FIG. 1, the cooling water is supplied by a 
conventional water pump 118. 
The outputs of optical sensor 136 and pressure sensor 

134 are fed to controller 140, whose operation is de 
scribed in more detail below. Using these inputs con 
troller 140 generates outputs which control radio fre 
quency generator 110, valves 128 and 132, vacuum 
pump 130 and water pump 118, again in the manner 
described below. 
As shown in FIG. 5, curing chamber 120 comprises a 

base 150 and a cover 152. Cover 152 is hinged along 
edge 154 to base 150. Cover 154 may be opened by 
means of handle 156. An electrical interlock, not shown, 
is connected to the input of controller 140 over line 142. 
Thus, cover 154 must be closed for controller 140 to 
generate the outputs described below. Suitable sealing 
means, not shown, are provided around the upper pe 
rimeter of base 150 and the lower perimeter of cover 
152 to render curing chamber 120 suitable for evacua 
tion of gasses by pump 130 and pressurization by gas 
source 131 during the curing operation. 
A variety of different coil con?gurations are suitable 

for use with the instant invention, as illustrated in FIGS. 
2-4. FIG. 2 illustrates a toroidal coil 116a in which the 
turns are wound around the perimeter of a circle. For 
best results the inner diameter of coil 116a is greater 
than the maximum perimeter dimensions of traces 138 
so that all of the traces may be positioned in the area 
defined by the central opening of coil 1160. In the pre 
ferred embodiment coil 116a comprises 6-8 turns of 
l/l6 inch inner diameter hollow copper tubing, al 
though it should be understood that more or less turns 
may be used and the coil may have a larger or smaller 
inside diameter. In operation toroidal coil 116a may be 
placed underneath or above substrate 122. 
FIG. 3 illustrates a solenoidal curing coil 116b which 

may be used with the present invention. As shown 
therein, the coil is wound as a helix which de?nes a 
cylindrical central opening on the interior thereof. Sub 
strate 122, the edge of which is shown in FIG. 3, is 
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6 
inserted into the central opening. In the preferred em 
bodiment the solenoidal coil has lO—l5 turns, although it 
should be understood that more or less turns may be 
used. The solenoidal coil also is made from hollow 
copper tubing and, in the preferred embodiment, has an 
inside diameter of 5 inch, although again it should be 
understood that other sizes may be used in practicing 
the instant invention. 
FIG. 4 illustrates an alternative solenoidal coil 1160 in 

which the turns have been ?attened and lengthened so 
that the cross-section of the interior portion more 
closely resembles an ellipse. In this embodiment sub 
strate 122 also is placed into the interior portion of the 
coil. The preferred embodiment of this coil has 10-15 
turns and an inside diameter of # inch, although again it 
should be understood that other sizes also may be used. 
Each of the foregoing coil con?gurations has advan 

tages and disadvantages which renders its use depen 
dent upon the particular application. Toroidal coil 1160 
has the advantage that it may be used with larger sub 
strates, since the substrate is positioned above the coil. 
With this coil, however, the lines of electromagnetic 
?ux are perpendicular to the substrate, so that each line 
only penetrates particles aligned along this perpendicu 
lar axis, thus rendering this coil somewhat less efficient 
than solenoidal coils. In contrast, the ?ux lines in sole 
noidal coils 116b and 116c run along the longitudinal 
axis of the coil, parallel to the upper surface of the 
substrate. Thus, each ?ux line passes through a larger 
number of particles, thereby increasing the ef?ciency of 
this design. On the other hand, since substrate 122 must 
be positioned inside the solenoidal coils, they typically 
would be used with smaller substrates. Solenoidal coil 
116c overcomes this size limitation to a certain extent, 
however, because it is wound in an elliptical shape. 

Operation of the curing system of the present inven 
tion is best understood with reference to FIG. 6. Ini 
tially, cover 152 is opened by means of handle 156 and 
substrate 122 is placed on top of curing coil 1160 so that 
traces 138 fall within the perimeter of the coil turns 
(step 160). Alternatively, the substrate may be posi 
tioned so that it rests on a dielectric platform with the 
coil above or below it. 

After substrate 122 has been positioned, cover 152 is 
closed, thereby activating the latching interlock (steps 
162 and 164). Controller 140 is then activated by de 
pressing a “start” button, not shown (step 166). This 
opens valve 128 and initiates operation of vacuum pump 
130 (steps 168 and 170). Pump 130 draws out the gas 
inside curing chamber 120 until a speci?ed vacuum 
level is reached, as determined by pressure gauge 134 
(step 172). In the example below the curing chamber is 
evacuated to 5 microns Hg. When this vacuum level is 
reached controller 140 closes valve 128 and shuts off 
vacuum pump 130 (steps 174 and 176). 

Controller 140 next opens valve 132, which allows 
pressurized gas from tank 131 to ?ow into chamber 120 
(step 178). When the gas pressure reaches a predeter 
mined level, again as measured by pressure gauge 134, 
controller 140 closes valve 132 (steps 180 and 182). In 
the example described below, standard welding grade 
nitrogen was used to fill chamber 120 to a pressure of 10 
ps1. 

After chamber 120 has been pressurized, controller 
140 activates water pump 118 to cool coil 116 and then 
activates RF generator 110 (steps 184 and 186). Genera 
tor 110 outputs a high frequency, high energy radio 
wave signal that is fed through impedance matching 
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network 114 to coil 116. In the example below the signal 
output by RF generator 110 is 1.5 kw at 13.56 MHz. 
Coil 116 generates electromagnetic ?ux that passes 
through the metal particles in traces 138, causing eddy 
currents to be generated in these particles. Preferably, 
this flux is of relatively uniform density across traces 
138. The eddy currents heat the particles rapidly until 
they melt, forming solid conductors, as described in 
greater detail below. The temperature of the particles is 
sensed by optical temperature sensor 136. When the 
particles reach a speci?ed temperature, controller 140 
shuts off generator 110, completing the curing process 
(steps 188 and 190). Controller 140 then opens valve 128 
and runs vacuum pump 130 until chamber 120 has been 
brought back to atmospheric pressure (steps 192 and 
194). Typically, the metal particles melt in between 
2-10 seconds, depending on the power supplied by 
generator 110. 
The curing system of the present invention is suitable 

for use with a variety of metal particles and substrates. 
For example, higher conductivity particles such as cop 
per, silver or copper/silver alloy may be used or lower 
conductivity particles such as tin/copper alloy. The 
substrates must be capable of withstanding the tempera 
tures at which the selected particles melt for the short 
period of time during which curing occurs. For exam 
ple, ceramic substrates such as mullite or alumina may 
be used with copper particles, which melt at 1083° C., 
or an alloy of 50% copper and 50% silver, which begins 
to melt at approximately 780° C. As another example, a 
substrate coated with a thermoplastic material such as a 
polyamide like Kapton ® or polybenzimidazole may be 
used with an alloy of 60% tin and 40% copper, which 
begins to melt at 415° C. 

Traces 138 may be applied to the substrate, either as 
a metallic powder or viscous ink or paste containing the 
metallic particles in any conventional manner, or by one 
of the methods disclosed in copending application Ser. 
No. 07/852,049, entitled “Apparatus and Process for 
Screen Printing,” ?led Mar. 16, 1992, copending appli 
cation Ser. No. 07/ 853,552, entitled “Apparatus and 
Method for Depositing Metal Particles on a Dielectric 
Substrate” or application Ser. No. 07/ 853,192, entitled 
“Method and Apparatus for Applying Particles to a 
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Substrate in a Predetermined Pattern,” all three of 45 
which are assigned to PrinTron, Inc., and incorporated 
by reference herein. 

Because the metal particles are heated to a suf?cient 
temperature to melt at least some of them, however, the 
traces must comprise a satisfactory distribution of parti 
cle sizes so as to retain their shape and size during the 
curing process. One acceptable composition is set forth 
in the example below, while other acceptable particle 
distributions are described hereinafter. 

In general, the composition should contain a substan 
tial percentage of large particles and a substantial per 
centage of small particles, thereby resulting in a bi 
modal particle size distribution. In one example the 
larger particles ranged in size between 44-74 microns 
and comprised approximately 45% by weight of the 
metal particles, while the smaller particles ranged in size 
between l-5 microns and comprised approximately 
45% by weight of the metal particles, with the remain 
ing particles having sizes in between the larger and 
smaller particles. It should be understood that if the 
particle size distribution is not suf?ciently wide, groups 
of particles will “ball up” into small spheres as the parti 
cles reach their melting temperature because the surface 
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8 
tension of the liquid metal overcomes other forces. 
Further, greater flux density or higher frequencies are 
needed to melt smaller particles, so that the particle size 
distribution selected determines the minimum fre 
quency and power at which the particles will melt. 

Other particle size range distributions are possible. 
For example, the distribution may have the following 
particle sizes in the indicated ranges of percentages by 
volume and screen size ranges: approximately 35-45% 
by volume of particles having a screen mesh size range 
of 230-270 mesh; approximately 35-45% by volume of 
particles having a size of 270-325 mesh; and approxi 
mately 10-30% by volume of particles having a size of 
about 325-400 mesh. 
When using electromagnetic heating, the amount of 

energy absorbed by the particle is dependent upon the 
ratio of particle dimensions to the period of oscillation 
of the electromagmetic ?elds. Also, there is a maximum 
size of particle which can be used and still maintain 
good edge resolution of the printed pattern. For a con 
ductor line width of 300 microns, the maximum size 
particle is conventionally 30 microns or one tenth the 
line width. So, for a given frequency of electromagnetic 
?eld and a given maximum particle size, the distribution 
of particle sizes affects the ability of the metal particles 
to absorb energy. It also affects the shielding effect of 
neighboring particles on each other by ?eld attenuation. 

In practice, particles which are larger heat up faster, 
especially on the surface where the current density is 
higher. It is theorized that these particles begin to melt 
away on their surface ?rst and this ?ow of metal mass in 
liquid form wets the ?ner particles as it ?ows through 
out the printed volume, which may be analogized to a 
solute rich melt. In effect, therefore, the ?ner particles 
act as a mortar in holding together the printed mass and 
preventing excess ?ow and distortion. As a result, this 
mass remains in the predetermined pattern deposited on 
the substrate with minimal shrinkage and no “bailing 
up”. 

Distortion is minimized by having a wide enough 
range of particle sizes so that the total volume of metal 
approaches 65-98% of the total volume taken up by the 
metal and voids between particles in a dry state. This 
advantageously reduces shrinkage. 

It is believed that suitable distributions are, by vol 
ume: (a) bimodal gaussian/truncated gaussian, as de 
picted in FIGS. 8(a); (b) bimodal gaussian/exponential, 
as depicted in FIGS. 8(b); and (c) bimodal with a peak 
or plateau in the large particle size range (which is 
dependent upon the frequency of the applied electro 
magnetic ?eld) and another peak or plateau in the l-5 
micron range. 
As will now occur to one of ordinary skill in the art, 

the maximum particle size will be dependent on the 
desired line width as aforesaid. 
The ?ne to coarse particles may be blended together 

in conventional ways known in the art, such as with a 
roller mill. 
By providing metal powder mixtures or compositions 

having the aforementioned types of particle size distri 
butions, continuous electrical conductors are formed by 
applying electromagnetic energy thereto, as described 
herein, which are continuous and have minimal distor 
tion relative to the deposited traces. The resulting mi 
crostructure of the printed and cured powder or ink 
will be such that the gaps and voids between the solid 
particles which have not melted will be ?lled in by the 
melt from the surface of the larger particles. There are 
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substantially no voids or air gaps within the solid body 
of the conductor but there are also within the structure 
solid chunks of smaller particles which do not melt but 
without surrounding voids. 

In one preferred embodiment of this invention, pure 
copper particles (or other pure single element metal 
particles) of different size ranges are mixed together to 
obtain the desired particle size distribution. Particles of 
different types of “pure metals” may also be mixed with 
each other to obtain compositions having the aforemen 
tioned types of particle size distributions. “Pure met 
als”, as used herein are either a single element metal, or 
an alloy of two or more metals. Metal particles which 
have been coated with a second metal (e.g., of lower 
melting temperature) or coated with a dielectric mate 
rial so that the particles can hold a charge and be elec 
trostatically printed may also be used. 
The curing time and power required to melt the me 

tallic particles may be reduced if the particles are deoxi 
dized. Any suitable deoxidation method may be used for 
this purpose, such as disclosed in copending application 
Ser. No. 07/853,389, entitled “Reduction of Oxides 
from Metal Powders” and assigned to PrinTron, Inc., 
which application is incorporated by reference herein. 
An essential requirement of the curing process is that 

the cured conductors adhere suf?ciently to substrate 
122 to resist subsequent peeling. Satisfactory adherence 
to a ceramic substrate is achieved by glazing the surface 
thereof or by applying powdered glass to the substrate 
before the traces are applied. If the substrate has a ther 
moplastic layer, the portions of the thermoplastic un 
derlying the traces will soften during the curing process 
and the metal will embed itself in the softened material, 
thereby resulting in satisfactory adhesion. 

Referring to FIG. 7, an alternative embodiment of 
curing unit 120 suitable for sequential curing is shown. 
In this embodiment the sidewalls of cover 152 have an 
input port 200 and an output port 202 through which a 
conventional conveyor belt 204 transports substrates 
122. Conveyor 204 is advanced by a conventional vari 
able speed motor 205 which drives rollers 207. Motor 
205 is operated by controller 140, as described hereinaf‘ 
ter. Conveyor belt 204 is made of a nonconductive 
material, such as synthetic rubber, so as not to be af 
fected by the strong electromagnetic ?eld generated by 
coil 116a. Since curing unit 120 cannot be hermetically 
sealed in this embodiment, it is not evacuated. Instead, 
pressurized nitrogen gas or inert gas is continuously fed 
into curing chamber 120 through inlet pipe 206 and 
exhausted through outlet pipe 208. Inlet pipe 206 is 
positioned at the top of chamber 120 and outlet pipe 208 
is positioned at the bottom so that nitrogen gas ?ows 
downwardly over the surface of substrate 122, blanket 
ing traces 138 in nitrogen or inert gas, thereby minimiz 
ing oxidation. In this embodiment coil 1160 is mounted 
above substrates 122, which are spaced along the length 
of conveyor belt 204. A conventional position detector 
210, mounted on the front of cover 152, such as an optic 
detector, generates an output signal whenever a sub 
strate is positioned underneath coil 1160. The output of 
sensor 210 is fed to the input of controller 140 and oper 
ates as described below. 
The curing unit of FIG. 7 may be operated in either 

a “continuous mode” or “indexed mode.” If used in the 
continuous mode each substrate 122 has deposited 
thereon a test trace 212 aligned along the axis of move 
ment of conveyor belt 204. Substrates 122 are posi 
tioned on conveyor belt 204 so that test trace 212 passes 
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under optical sensor 136 and substrate 122 moves 
through the curing unit. Controller 140 controls the 
speed of motor 205, and thus the speed at which con 
veyor belt 204 passes through the curing unit, in re 
sponse to the output of optical sensor 136. This ensures 
that as traces move continuously under coil 116a they 
are heated to the proper curing temperature. Coil 116a 
either may be energized continuously during the contin 
uous mode of operation or may be energized only when 
a substrate is positioned beneath it. In the later event 
controller 140 turns RF generator 110 on or off, de 
pending upon the location of substrate 122 as deter 
mined by position sensor 210. 

In the indexed mode conveyor belt 204 advances 
until a substrate is positioned under coil 116a and then 
stops. Such positioning is determined by controller 140 
in response to the output of position sensor 210. After 
the substrate has been properly positioned, RF genera 
tor 110 is turned on, energizing coil 116a and curing 
traces 138 on the substrate into continuous conductors. 
Conveyor 204 is then advanced to the next substrate, 
where the process is repeated. 

EXAMPLE 

The starting material in this example was a paste, 
Product No. CL81~5257 manufactured by Heraeus, Inc. 
The paste comprises smaller copper particles, most of 
which range in size between 1-5 microns, and a binder 
and other agents which promote adhesion, such as glass 
frit and oxides, comprising approximately 5% by 
weight of the paste. To this paste was added a pow 
dered alloy of larger particles comprising 50% copper 
and 50% silver, by volume, with these larger particles 
ranging in size between 44-74 microns. This alloy was 
deoxidized prior to being mixed, using the method dis 
closed in copending application Ser. No. 07/853,389, 
entitled “Reduction of Oxides From Metal Powders” 
assigned to PrinTron, Inc., which application is incor 
porated by reference herein. The larger particles com 
prised approximately 45% by weight of the resulting 
paste and the smaller particles comprised approximately 
45% by weight of the resulting paste with the remaining 
weight percentage of the paste comprising binder and 
particles of intermediate size. 

Traces of this composition of a thickness of approxi 
mately 10 mils and width of approximately 60 mils were 
applied to a dielectric substrate made of mullite. The 
substrate was then placed inside a solenoidal coil 
mounted in a polypropylene curing chamber. The coil 
was made of hollow copper tubing having an outside 
diameter of l inch and 15 turns. The coil was approxi 
mately 4 inches long and had an outside diameter of 
approximately 1.3 inches, thereby de?ning a cylindrical 
central cavity of approximately 1 inch. 

After the curing chamber was closed it was evacu 
ated to a pressure of 5 microns Hg and then back?lled 
through a 3 inch evacuation pipe to a pressure of 10 psi 
with standard welding grade nitrogen. A sinusoidal 
signal from a radio frequency generator of 1.7 kw and 
13.56 MHz was applied over a 50 ohm line through an 
impedance matching network to the solenoidal coil for 
a period of approximately 30 seconds. The power was 
increased to 2.8 kw for 15 seconds and then cut off. The 
solenoidal coil was cooled with water during this ener 
gization period. The resultant electromagnetic energy 
transmitted by the coil melted at least some of the metal 
particles, thereby forming continuous, homogeneous 
metal conductors which adhered to the substrate in the 
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same shape as the deposited traces without appreciable 
shrinkage. 

It will be seen readily by one of ordinary skill in the 
art that the present invention ful?lls all of the objects set 
forth above. After reading the foregoing speci?cation, 
one of ordinary skill will be able to effect various 
changes, substitutions of equivalents and various other 
aspects of the invention as broadly disclosed herein. It is 
therefore intended that the protection granted hereon 
be limited only by the de?nitions contained in the ap 
pended claims and equivalents thereof. 

I claim: 
1. A method of curing metal particles deposited in a 

pattern on a non-metallic substrate into continuous 
metal conductors arranged in said pattern, comprising 
applying sufficient electromagnetic energy simulta 
neously to said particles to melt at least some of said 
particles, sensing the temperature of said particles when 
said electromagnetic energy is being applied, and stop 
ping application of said electromagnetic energy when 
said temperature reaches a speci?ed level. 

2. The method of claim 1, wherein said electromag 
netic energy is applied at a radio frequency. 

3. The method of claim 1, wherein said substrate is 
dielectric. 

4. The method of claim 1, further comprising placing 
said substrate in a scalable chamber and substantially 
evacuating said chamber prior to applying said electro 
magnetic energy. 

5. The method of claim 4, further comprising inject 
ing a speci?ed gas into said chamber after said chamber 
has been evacuated, thereby facilitating said curing. 

6. The method of claim 5, wherein said gas is nitro 
gen. 

7. The method of claim 5, wherein said gas is an inert 
gas. 

8. A method of making a printed circuit board on a 
dielectric substrate on which metal particles have been 
deposited in a pattern, comprising applying suf?cient 
electromagnetic energy simultaneously to said articles 
to melt at least some of said particles, sensing the tem 
perature of said particles when said electromagnetic 
energy is being applied, and stopping application of said 
electromagnetic energy when said temperature reaches 
a speci?ed level. 

9. The method of claim 8, wherein said electromag 
netic energy is applied at a radio frequency. 

10. The method of claim 8, wherein said substrate is 
dielectric. 

11. The method of claim 8, wherein said substrate is 
laced in a chamber having gasses therein and substan 
tially all of said gasses are evacuated prior to applying 
said electromagnetic energy. 

12. The method of claim 11, further comprising in 
jecting a speci?ed gas into said chamber after said 
chamber has been evacuated and before said electro 
magnetic energy is applied which facilitates said melt 
ing. 

13. The method of claim 12, wherein said gas is nitro 
gen. 

14. The method of claim 12, wherein said gas is an 
inert gas. 

15. A method of curing metal particles deposited in at 
least one pattern on a plurality of non-metallic sub 
strates into continuous metal conductors on said sub 
strates comprising: 

sequentially positioning said substrates proximate to a 
source of electromagnetic energy; 
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12 
applying suf?cient electromagnetic energy simulta 

neously to substantially all of said particles on each 
of said substrates positioned proximate to said 
source to melt at least some of said particles; 

sensing the temperature of said particles when said 
electromagnetic energy is being applied; and 

stopping application of said electromagnetic energy 
when said temperature reaches a speci?ed level. 

16. The method of claim 15, wherein said electromag 
netic energy is applied at a radio frequency. 

17. The method of claim 15, wherein said substrate is 
dielectric. 

18. The method of claim 17, further comprising se 
quentially positioning said substrates in a chamber prior 
to applying said electromagnetic energy. 

19. The method of claim 18, further comprising ?ow 
ing a speci?ed gas through said chamber. 

20. The method of claim 19, wherein said gas is nitro 
gen. 

21. The method of claim 18, wherein said gas is an 
inert gas. 

22. A method of making printed circuits on a plurality 
of dielectric substrates on which metal particles have 
been deposited in at least one pattern, comprising: 

sequentially positioning said substrate proximate to a 
source of electromagnetic energy; 

applying suf?cient electromagnetic energy simulta 
neously to substantially all of said particles on each 
of said substrates positioned proximate thereto to 
melt at least some of said particles; 

sensing the temperature of said particles when said 
electromagnetic energy is being applied; and 

stopping application of said electromagnetic energy 
when said temperature reaches a speci?ed level. 

23. The method of claim 22, wherein said electromag 
netic energy is applied at a radio frequency. 

24. The method of claim 22, further comprising: 
sequentially positioning said one of said substrates in 

a chamber; and 
?owing a speci?ed gas through said chamber. 
25. The method of claim 24, wherein said gas is nitro 

gen. 
26. The method of claim 24, wherein said gas is an 

inert gas. 
27. A method of curing metal particles deposited in a 

pattern on a non-metallic substrate into continuous 
metal conductors arranged in said pattern, comprising: 

applying suf?cient electromagnetic energy to said 
particles to melt at least some of said particles; 

sensing the temperature of said particles when said 
electromagnetic energy is being applied; and 

stopping application of said electromagnetic energy 
when said temperature reaches a speci?ed level. 

28. A method of making a printed circuit board on a 
dielectric substrate on which metal particles have been 
deposited in a pattern, comprising: 

applying suf?cient electromagnetic energy to said 
particles to melt at least some of said particles; 

sensing the temperature of said particles when said 
electromagnetic energy is being applied; and 

stopping application of said electromagnetic energy 
when said temperature reaches a speci?ed level. 

29. A method of curing metal particles deposited in at 
least one pattern on a plurality of non-metallic sub 
strates into continuous metal conductors on said sub 
strates comprising: 

sequentially positioning said substrates proximate to a 
source of electromagnetic energy; 
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applying suf?cient electromagnetic energy to said 
particles on each of said substrates to melt at least 
some of said particles; 

sensing the temperature of said particles on each of 
said substrates when said electromagnetic energy is 
being applied; and 

stopping application of said electromagnetic energy 
when said temperature reaches a speci?ed level. 

30. A method of making printed circuits on a plurality 
of dielectric substrates on which metal particles have 
been deposited in at least one pattern, comprising: 
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14 
sequentially positioning said substrate proximate to a 

source of electromagnetic energy; 
applying suf?cient electromagnetic energy to said 

particles on each of said substrates positioned prox 
imate thereto to melt at least some of said particles; 

sensing the temperature of said particles on each of 
said substrates when said electromagnetic energy is 
applied; and 

stopping application of said electromagnetic energy 
when said temperature reaches a speci?ed level. 

* * * * it 


